Calcineurin B-like proteins (CBLs) act as Ca 2+ sensors to activate specific protein kinases, namely CBL-interacting protein kinases (CIPKs). Recent research has demonstrated that the CBL-CIPK complex is not only required for abiotic stress signaling, but is also probably involved in biotic stress perception. However, the role of this complex in immune signaling, including pathogen perception, is unknown. In this study, we isolated one signaling component of the TaCBL-TaCIPK complex (TaCBL4-TaCIPK5) and characterized its role in the interaction between wheat (Triticum aestivum) and Puccinia striiformis f. sp. tritici (Pst, stripe rust fungus). Among all TaCBLs in wheat, TaCBL4 mRNA accumulation markedly increased after infection by Pst. Silencing of TaCBL4 resulted in enhanced susceptibility to avirulent Pst infection. In addition, screening determined that TaCIPK5 physically interacted with TaCBL4 in planta and positively contributed to wheat resistance to Pst. Moreover, the disease resistance phenotype of TaCBL4 and TaCIPK5 co-silenced plants was consistent with that of single-knockdown plants. The accumulation of reactive oxygen species (ROS) was significantly altered in all silenced plants during Pst infection. Together these findings demonstrate that the TaCBL4-TaCIPK5 complex positively modulates wheat resistance in a ROS-dependent manner, and provide new insights into the roles of CBL-CIPK in wheat.
Introduction
Plants respond to the perception of external stimuli, including abiotic and biotic stresses, through a rapid activation of numerous signaling pathways, thereby enabling them to defend against impending stress (Pandey, 2008) . The concentration of intracellular Ca 2+ in cells undergoes transient changes in response to these stimuli and functions as a second messenger to regulate a plethora of inter-and extracellular signaling processes. These processes require the function of highly regulated sensors and relay proteins, such as calmodulins (CaMs), calmodulin-like proteins (CMLs), and calcineurin B-like proteins (CBLs). In each of these relay cascades, it is hypothesized that signaling is activated via a calcium-induced conformational change that is relayed to an interacting partner, which in turn leads to a further conformational change resulting in a concomitant change in enzyme activity. In contrast, sensor responders, such as the calcium-dependent protein kinases (CDPKs), undergo a calcium-induced conformational change that alters the protein's own activity or structure. These two different modes of decoding calcium signals are used extensively in plants to provide many pathways by which calcium can trigger a diverse number of responses (Sanders et al., 2002) .
As another type of signaling molecule of secondary signaling processes, reactive oxygen species (ROS) have been well studied for their role in plant development and responses to environmental stimuli (Gupta et al., 2015) . In individual cells, the production and scavenging of ROS can be rapidly regulated, allowing dynamic control of ROS concentrations and accumulation, which results in an efficient intracellular control. Moreover, as signal transduction molecules, the ROS-induced signaling can be transmitted from the origin of the stimulus to nearby cells (Mittler et al., 2011) . In addition to its function as a signal molecule, the increased communication of ROS leads to programmed cell death (PCD) by impairing metabolism and damaging organelles in plant cells under abiotic and biotic stress (Zurbriggen et al., 2010) . Ca 2+ has been reported to enhance cellular ROS accumulation and, vice versa, ROS can activate Ca 2+ release . CBLs are among a number of Ca 2+ sensors in plant cells. They transmit signals by interacting specifically with a NAF/FISL motif in the C-terminal regulatory domain of CBL-interacting protein kinases (CIPKs), which belong to the Snf1-RELATED KINASE3 family (Suc nonfermenting 1-related kinases, group 3; SnRK3). Diverse members of the CBL and CIPK families are found exclusively in the plant kingdom and, to date, bioinformatic analyses have identified 10 CBLs and 26 CIPKs in Arabidopsis (Hashimoto et al., 2012) , and 10 CBLs and 33 CIPKs in rice . A broad range of proteins have been confirmed as targets of CIPKs, such as phosphatases, transporters/channels, transcription factors, and enzymes, indicating that the CBL-CIPK complex performs multiple and extensive roles in biological processes . In addition, further evidence has suggested that phosphorylation of CBL proteins by their interacting CIPKs is required for full activity of CBL-CIPK complexes (Hashimoto et al., 2012) .
The CBL-CIPK components have been extensively studied in relation to the regulation of different abiotic stresstriggered signaling pathways (Luan, 2009; Pandey et al., 2014) . In rice, overexpression of OsCBL8 and OsCIPK15 results in enhanced salt tolerance (Xiang et al., 2007) , whereas in transgenic tobacco plants, overexpression of TaCIPK2 from wheat confers drought tolerance (Wang et al., 2016) . In addition, the mechanism by which the CBL-CIPK components respond to abiotic stress has been widely studied as a signaling node. For example, SOS1, a Na + /H + antiporter, is phosphorylated and activated at the plasma membrane by SOS3/CBL4 and its interacting kinase SOS2/CIPK24 (Ishitani et al., 2000) . Under salt stress, CBL-CIPK complexes maintain ion homeostasis and provide salt tolerance through transducing a Ca 2+ signal . A voltage-gated inward K + channel (AKT1) is regulated by AtCIPK23, which results in increased K + uptake under low potassium conditions (Drerup et al., 2013) .
Compared to abiotic stress signaling, the involvement of the CBL-CIPK system in response to biotic stresses is still an understudied area of research. A few studies have indicated that certain CBLs or CIPKs may function in plant defense signaling in response to microbial infection . For example, in rice, OsCIPK14 and OsCIPK15 are induced by stimulation of microbe-associated molecular patterns (MAMPs), whereby suppression of OsCIPK14/15 results in a reduction of MAMPinduced ROS production (Kurusu et al., 2010) . In another study, NPR1, the key salicylic acid-signaling activator, was shown to be activated and phosphorylated by CIPK11, leading to induction of WRKY38 and WRKY62 within 4-12 h after bacterial inoculation (Xie et al., 2010) . Moreover, ROS was significantly induced by overexpressing tomato CIPK6 in Nicotiana benthamiana, which required RBOHB, a protein related to ROS generation (de la Torre et al., 2013) . Silencing the CIPK6-CBL10 complex suppressed Pto/AvrPto-elicited PCD in tomato (Abramovitch and Martin, 2005; de la Torre et al., 2013) . Additionally, TaCIPK29 was also found to be involved in ROS homeostasis in wheat (Deng et al., 2013) , whereas CIPK6 in Arabidopsis negatively regulates effector-triggered and pathogen-associated molecular pattern (PAMP)-triggered immunity (Sardar et al., 2017) .
Wheat stripe rust, caused by the obligate biotrophic fungus Puccinia striiformis f. sp. tritici (Pst) poses a tremendous threat to the production of wheat worldwide (Wan et al., 2004) . The function of CBL-CIPK components against infection by Pst in wheat is unknown. In this study, we found that knockdown of expression of TaCBL4 and TaCIPK5 decreased wheat resistance to Pst. In addition, ROS accumulation was significantly reduced in the silenced plants. Thus, we concluded that TaCBL4 and its interacting partner TaCIPK5 co-regulate wheat resistance partially by regulating ROS signals. Our work provides new insights towards understanding the roles of the CBL-CIPK network in wheat in response to pathogen infection and immunity.
Materials and methods

Identification and sequence analysis of CBL gene families in wheat
The TAIR v10 (http://www.arabidopsis.org/) and RGAP v7 (http:// rice.plantbiology.msu.edu/) databases were used to collect amino acid sequences of CBLs in Arabidopsis and rice, respectively. Whole protein sequences of wheat (Triticum aestivum) were downloaded from the wheat genome database at EnsemblPlants (http://plants.ensembl.org/index. html) (Clavijo et al., 2017) . To identify the predicted TaCBLs in wheat, Hidden Markov Model (HMM) profiles were built from known CBLs as queries using the HMMER software (Finn et al., 2011) . Local HHMbased searches and BLASTp searches were performed in the wheat genome database, with all CBL sequences of rice and Arabidopsis as queries. The Pfam software (http://pfam.xfam.org) was used to validate potential TaCBL proteins identified from the wheat genome database. Protein queries that did not contain the known conserved domains or motifs were removed. Amino acid sequences of CBLs from Arabidopsis, rice, and wheat were selected to perform multiple alignments using Clustal X 2.0 (Larkin et al., 2007) . A phylogenetic tree of the alignments of amino acid sequences was generated with the MEGA 6.0 software (Tamura et al., 2013) . Pairwise identity and similarity of proteins was calculated using MatGAT v2.02 (Campanella et al., 2003) . Domain analysis was performed using SMART (http://smart.embl-heidelberg.de/) and PROSITE (http://prosite.expasy.org/). Motif logos were analysed and generated by using the corresponding protein sequences in the MEME software (http://meme-suite.org/tools/meme) with default parameters. Palmitoylation sites and myristoylation sites were predicted using CSSPalm 3.0 (http://csspalm.biocuckoo.org/) and Myristoylator (http:// web.expasy.org/myristoylator/), respectively.
Plant and fungal material, RNA extraction, qRT-PCR analysis, and gene cloning
Wheat seedlings of cultivar Suwon11 were maintained and inoculated with Pst race CYR23 or CYR31 following methods described previously (Kang et al., 2002) . Suwon 11, which carries the YrSu resistance gene, is resistant to the Pst race CYR23 (avirulent) but is highly susceptible to CYR31 (virulent) (Cao et al., 2002) . During the interaction between wheat and Pst, ROS accumulation during the early infection stage is associated with the occurrence of hypersensitive cell death. According a previous study (Wang et al., 2007) , a rapid increase of ROS generation at infection sites can be detected within 12 h post-inoculation (hpi). In addition, the number of necrotic host cells surrounding the infection sites increased continuously after 20 hpi. For RNA extraction, second leaves inoculated with CYR23, CYR31, or sterile distilled water (control) were harvested at 0, 6, 12, 24, 48, 72, and 120 hpi: the time points were selected on the basis of the study by Wang et al. (2007) . All samples were immediately frozen in liquid nitrogen and stored at −80 °C. Each treatment included three independent biological replicates. Total RNA was extracted using TRIzol™ Reagent (Invitrogen) according to the manufacturer's instructions. Contaminating DNA was digested with Dnase I (Promega). First-strand cDNA was synthesized using the GoScript Reverse Transcription System (Promega) and qRT-PCR reactions were performed as described by Duan et al. (2013) . Gene expression was quantified using a 7500 Real-Time PCR System (Applied Biosystems). The wheat translation elongation factor 1α subunit gene (TaEF) was used as an internal reference (Wang et al., 2011) . qRT-PCR data were analysed using the comparative 2 −ΔΔCt method (Livak and Schmittgen, 2001 ). For cloning, specific primers were designed according to the identified candidate sequences, which contained the coding sequences of TaCBLs and TaCIPK5 (see Supplementary Table S2 at JXB online).
Sequence analysis of TaCBL4 and TaCIPK5
To confirm the copies of TaCBL4 and TaCIPK5 in the wheat cv. Chinese Spring genome, TaCBL4 and TaCIPK5 were aligned with data from the EnsemblPlants database. The predicted chromosomal location and related sequences were also obtained from this website. The cDNA sequences were analysed using ORFfinder (https://www.ncbi.nlm.nih.gov/ orffinder/) and the Nucleotide BLAST and Protein BLAST programs in NCBI (https://www.ncbi.nlm.nih.gov/). The amino acid sequences were analysed with Pfam, InterProScan (http://www.ebi.ac.uk/interpro/ search/sequence-search), and the ScanProsite tool (http://prosite.expasy. org/scanprosite/) to identify conserved domains. Multiple sequence alignment was performed using the DNAMAN 7.0 software (LynnonBiosoft, USA), and a phylogenetic tree of alignment of amino acid sequences was generated with the MEGA 6.0 software (Tamura et al., 2013) .
Deletion mutant of TaCIPK5
To make the deletion mutant (TaCIPK5Δ), the overlap-PCR approach was used. First-round PCR products were amplified with TaCIPK5-S, TaCIPK5(M)-AS, and TaCIPK5(M)-S, TaCIPK5-AS (Supplementary Table S2 ). The PCR products were used as templates for amplification using TaCIPK5-S and TaCIPK5-AS. The final PCR fragment was cloned into the pGEM-T Easy Vector (Promega) for sequencing. The final constructs were used as templates in yeast two-hybrid, bimolecular fluorescence complementation (BiFC), and co-immunoprecipitation (Co-IP) assays (see below).
Yeast two-hybrid assays
For interaction analyses of TaCIPK5-TaCBL4 and TaCIPK5Δ-TaCBL4, MatchMaker yeast two-hybrid assays were performed (Takara). The coding sequences of TaCIPK5, TaCIPK5Δ, and TaCBL4 were subcloned into the pGADT7 (activation domain, AD) and pGBKT7 (DNA-binding domain, BD) vectors, respectively. The pairs of plasmids of AD and BD were then co-transformed into yeast strain AH109 by the lithium acetate method according to the Yeast Protocols Handbook (Takara). The yeast colonies were grown at 30 °C for 4 d on selection medium before they were photographed. For serial dilution, the yeast cells were collected and washed twice with sterile ultrapure water and then diluted to 10 7 , 10 6 , 10 5 , and 10 4 cells ml -1
, as quantified with a hemocytometer.
Bimolecular fluorescence complementation assays
The full-length coding sequences of TaCIPK5 and TaCIPK5Δ were cloned into a pUC-pSPYNE vector and fused with the N-terminal fragment of yellow fluorescent protein (YFP) to form YFP N -TaCIPK5 and YFP N -TaCIPK5Δ constructs. The full-length coding sequence of TaCBL4 was cloned into a pUC-pSPYCE vector as a fusion with the N-terminal fragment of YFP to form YFP C -TaCBL4 (Kerppola, 2008) (Supplementary Table S2 ). Plasmids of YFP N -TaCIPK5/YFP C -TaCBL4 or YFP N -TaCIPK5Δ/YFP C -TaCBL4 were then co-transformed into wheat protoplasts following the PEG-mediated transformation methods as previously described by Walter et al. (2004) . The interaction of TaPI4KIIγ with TaUDF1 was used as the positive control . A confocal laser scanning microscope (Leica Microsystems) was used to observe fluorescence in the protoplasts. SDS-PAGE, western blot transfer, and immunodetection using HA-and α-myc-specific antibodies (both Sungene, Tianjing, China) were performed as described previously by Walter et al. (2004) .
Co-immunoprecipitation assays
The coding sequence of TaCBL4 was cloned into pENTR/D-TOPO (Life Technologies, Thermo Fisher Scientific) using gene-specific DNA primers (Supplementary Table S2 ), then the pENTR/D-TOPO expression construct of TaCBL4 was recombined into the pGWB11 vector using Gateway LR Clone methods (Invitrogen) to yield an N-terminal fusion to the flag-epitope. The green fluorescent protein (GFP) expression constructs GFP-TaCIPK5 or GFP-TaCIPK5Δ were created by cloning the PCR-amplified ORF of TaCIPK5 or TaCIPK5Δ into the NcoI and SpeI restriction enzymes sites of the binary vector pCAMBIA1302 containing an N-terminal GFP-epitope. Agrobacterium tumefaciens strain GV3101 carrying the gene of interest expressed from the binary vector pCAMBIA1302 and pGWB11 was grown overnight at 28 °C on LB plates containing 25 μg ml −1 kanamycin and 100 μg ml −1 rifampicin. Agro-infiltrated N. benthamiana leaves were collected for protein extraction, protein immunoprecipitation, and immunoblotting following methods described in a previous study (Du et al., 2015) .
Virus-induced gene silencing (VIGS)
Two cDNA fragments of TaCBL4 and TaCIPK5 (Supplementary Figs S5, S11, Table S2 ) with NotI and PacI restriction sites were obtained by reverse transcription PCR and inserted into the original Barley stripe mosaic virus (BSMV) vector for gene silencing (Hein et al., 2005) . Fragments had no similarity to any other wheat gene in BLAST analyses (http:// blast.ncbi.nlm.nih.gov/Blast/). In addition, to confirm the specificity of fragments used in the VIGS assays, the expression levels of all TaCBLs and several TaCIPKs were measured in TaCBL4-and TaCIPK5-knockdown plants, respectively. The fragment of wheat phytoene desaturase (TaPDS) was inserted into the BSMV vector as the positive control. The BSMV viruses (BSMV:γ, BSMV:TaPDS-as, BSMV:TaCBL4-1as/2as, and BSMV:TaCIPK5-1as/2as) were inoculated individually on wheat seedlings at the two-leaf stage following the methods described in a previous study (Hein et al., 2005) . The co-silencing method of TaCBL4 and TaCIPK5 was performed as described in a previous study (Yang et al., 2013) . Capped in vitro transcripts were prepared from linearized plasmids containing the tripartite BSMV genome using the RiboMAX TM LargeScale RNA Production System-T7 (Promega) and the Ribo m 7 G Cap Analog (Promega) according to the manufacturer's instructions. Second leaves of wheat seedlings at the two-leaf stage were infected with BSMV constructs by rub inoculation. After incubation for 24 h in the dark in a humid environment, seedlings were placed in a growth chamber at 25 ± 2 °C. BSMV:TaPDS-1as was used as a positive control. Control plants were treated with 1× FES buffer (0.1 M glycine, 0.06 M K 2 HPO 4 , 1% w/v tetrasodium pyrophosphate, 1% w/v bentonite, and 1% w/v celite, pH 8.5) devoid of BSMV transcripts. The fourth leaf of each plant was then inoculated with urediospores of CYR23 or CYR31 at 10 d after inoculation with BSMV. For RNA isolation and histological observation, leaves inoculated with Pst were sampled at 0, 24, 48, and 120 hpi. After 15 d after inoculation with Pst, the infection types were examined on the basis of the McNeal measurement scale (McNeal et al., 1971) and images were taken. The experiment was repeated three times. To confirm the host responses in silenced plants, the expression level of two pathogenesisrelated (PR) proteins, TaPR1 and TaPR2, were analysed by qRT-PCR. To confirm reduction of ROS accumulation in silenced plants, the relative transcript levels of the superoxide dismutase (TaSOD), catalase (TaCAT), and NADH-oxidase (TaRBOHi) genes were analysed by qRT-PCR in comparison with the control plants in each assay, as described above.
Histological observations of fungal growth and host responses
Auto-fluorescence of attacked mesophyll cells was observed as a necrotic area by epifluorescence microscopy (excitation filter, 485 nm; dichromic mirror, 510 nm; and barrier filter, 520 nm). H 2 O 2 accumulation was detected by staining with 3,3'-diaminobenzidine (DAB; Amresco, Solon, OH, USA) as previously described (Wang et al., 2007) and then viewed by differential interference contrast optics. Only the site where an appressorium had formed over a stoma was considered to be successfully penetrated. A minimum of 50 infection sites were examined on each of five randomly selected leaf segments for every treatment. The H 2 O 2 accumulation, necrotic areas, hyphal length, and haustoria number were observed with a BX-53 microscope (Olympus) and calculated using DP-BSW software.
Statistical analysis
Microsoft Excel was used to calculate mean values and standard errors. To determine the significant differences between controls and treatments or between time-course points, the SPSS 16.0 statistical software was used to perform Student t-tests.
Accession numbers
The nucleotide sequences used in this study have the following GenBank accession numbers:
, and TaNOX (AY561153.1).
Results
Genome-wide identification and sequence analysis of wheat CBL genes
As the wheat genome database was updated recently, we identified the CBL sequences in T. aestivum cv. Chinese Spring again by HMM and BLAST searches. CBL protein sequences from Arabidopsis and rice were used as queries in silico. A total of 22 putative CBLs were identified in the wheat genome (seven, six, and nine loci in sub-genomes A, B, and D, respectively) and designated as TaCBL1.1-1A to TaCBL9-3D, following the designation used for rice through a comparison in InParanoid7 (http://inparanoid.sbc.su.se/cgi-bin/index.cgi) (Supplementary Table S1 ). In addition to TaCBL1.1, another candidate CBL gene showed high homology to CBL1 from rice, and was thus designated as TaCBL1.2. In addition, a new CBL gene, TaCBL8, was identified. To confirm the evolutionary relationship of all putative TaCBLs with CBLs from Arabidopsis and rice, a phylogenetic tree was constructed based on the full-length amino acid sequences ( Supplementary  Fig. S1 ). The results showed that CBLs from various plants clustered in three major groups: type I, type II, and type III. TaCBLs were distributed among all three clusters, with the largest group, type I, containing 12 TaCBLs, while type II and type III contained seven and three members, respectively. Proteins belonging to the type I group began with a lipid modification motif (i.e. MGCXXS/T), and CBLs in the type II group contained the consensus motif MSQCXDGXKHXCXSXXXCF, which also existed in the tonoplast-targeting sequences (TTSs) of AtCBL2 and AtCBL3. Like AtCBL10, TaCBL9 possessed an extended N-terminus, which formed a transmembrane helix in members of the type III group (Supplementary Fig. S2 ).
TaCBL4 is rapidly induced following infection of wheat with Pst
Using the TaCBL sequences that we identified from the wheat genome, seven TaCBLs (1.1, 1.2, 2, 3, 4, 6, 9) from the wheat cv Suwon 11 were cloned out. During the interaction between wheat and Pst, expression profiles of these seven TaCBLs were confirmed by qRT-PCR. The transcript levels of all of them, with the exception of TaCBL1.2 and TaCBL6, showed significant changes (P<0.05 and fold-change >2) in mRNA accumulation during incompatible (Pst race CYR23) and compatible (Pst race CYR31) interactions ( Supplementary Fig. S3 ). Compared to the control, transcript levels of TaCBL1.1 and TaCBL2 were significantly induced at 6 hpi and reached a peak level of 2.5-fold higher during the incompatible interaction, whereas in the compatible interaction, these genes did not show significant changes at any time point ( Supplementary Fig. S3A, C) . The transcript levels of both TaCBL3 and TaCBL9 were down-regulated significantly by 24 hpi in the compatible interaction, but did not show significant changes in the incompatible interaction at any time point ( Supplementary Fig. S3D, F) . Among the TaCBLs evaluated, the level of TaCBL4 was up-regulated significantly during interactions with CYR23 and CYR31 (Fig. 1 ). In the incompatible interaction, the transcript levels increased to a peak at 24 hpi, with a 3.5-fold increase over the control level. During the compatible interaction, TaCBL4 was induced as early as 6 hpi and reached a peak level of expression that was a 3.8-fold increase compared to that in control-inoculated plants (Fig. 1) . Based on these observations, TaCBL4 was selected for further analysis during the response of wheat to Pst infection.
The deduced amino acid sequence and structural features of TaCBL4
TaCBL4 encodes a putative protein composed of 218 amino acid residues with a molecular weight of 24.8 kDa and an isoelectric point (pI) of 4.79 (Supplementary Table S1 ). The results of BlastN analysis indicated that the wheat genome contains three copies of TaCBL4, located on the long arms of chromosomes 1A, 1B, and 1D (Supplementary Figs S1, S4 ). The ORFs of each copy on the respective chromosomes were designated as TaCBL4-1A, TaCBL4-1B, and TaCBL4-1D. Each copy of TaCBL4 was different from that identified previously (Sun et al., 2015) (Supplementary Fig. S4 ). The TaCBL4 gene from wheat cv Suwon11 exhibited 89.69%, 96.35%, and 88.74% identities with TaCBL4-1A, TaCBL4-1B, and TaCBL4-1D, respectively ( Supplementary Fig. S5A ). TaCBL4 from Suwon 11 contained the same number of amino acid residues and only a few amino acid variations relative to TaCBL4-1B, whereas TaCBL4-1A and TaCBL4-1D contained two and six amino acid deletions, respectively ( Supplementary  Fig. S5B ). A multi-sequence alignment with all CBL proteins in Arabidopsis, rice, and wheat revealed that TaCBL4 contained four conserved EF-hand motifs ( Supplementary Fig. S2 ).
Knockdown of TaCBL4 reduces wheat resistance to Pst
To characterize in more detail the role of TaCBL4 during wheat responses to Pst, BSMV-VIGS, which has been applied to analyse gene function in wheat and barley, was used (Scofield et al., 2005) . Two TaCBL4-specific fragments were created for silencing ( Supplementary Fig. S5A ). At 10 dpi, all of the BSMVinoculated plants displayed mild chlorotic mosaic symptoms, but had no obvious defects in further leaf growth. The plants inoculated with BSMV:TaPDS-as began to show photobleaching ( Fig. 2A) , indicating the initiation of BSMV-induced gene silencing compared with BSMV:γ-infected controls. The results of qRT-PCR to confirm the silencing efficiency indicated that the accumulation of TaCBL4 transcripts was significantly reduced in TaCBL4-knockdown plants, with a reduction as high as 80% during the incompatible and compatible interactions (Fig. 2B) . However, because of the high identity and similarity among the three copies on subgenomes A, B, and D, the expression level of each copy could not be determined (Supplementary Fig. S5A ). Sequence alignment among all TaCBL members in wheat was performed to confirm the specificity of the fragments. As shown in Supplementary Fig. S6A , all TaCBLs lacked the consecutive 21-to 24-nucleotide sequences. Moreover, the expression of other TaCBLs was not suppressed in VIGS plants ( Supplementary  Fig. S6B ), which confirmed the specificity of the fragments used in the VIGS assays ( Supplementary Fig. S5A ). At 10 dpi following Pst inoculation of the fourth leaf of wheat plants that had been pre-infected with BSMV:γ, BSMV:TaCBL4-1as, and BSMV:TaCBL4-2as, typical hypersensitive response (HR) symptoms appeared on all leaves after inoculation with CYR23 (Fig. 2C) . At 15 dpi, a few fungal uredia surrounding the necrotic areas were observed on leaves previously infected with BSMV:TaCBL4-1as and BSMV:TaCBL4-2as (Fig. 2C) . By contrast, normal disease development was exhibited on wheat leaves of TaCBL4-knockdown plants inoculated with the compatible strain, CYR31 (Fig. 2C) .
To determine why leaves displayed reduced resistance to Pst when TaCBL4 expression was reduced, we examined the fourth leaves microscopically to analyse the infection by CYR23 and CYR31 (Fig. 3, Supplementary Fig. S7 ). The necrotic area and H 2 O 2 accumulation per infection site were significantly lower than those observed on BSMV-γ-infected leaves at 48 hpi and 120 hpi (P<0.05) in the incompatible interaction between wheat and Pst (Fig. 3A, C) . Similarly, during the compatible interaction, at 48 hpi and 120 hpi we observed a decrease in the necrotic area and in H 2 O 2 accumulation at the infection site compared to control plants ( Supplementary Fig. S7A, B) . To confirm the host response in TaCBL4-knockdown plants after Pst infection, the transcript levels of two pathogenesisrelated (PR) protein genes and two ROS-scavenging genes were measured. During the compatible interaction between TaCBL4-knockdown plants and Pst ( Supplementary Fig. S7C,  D) , knocking down TaCBL4 resulted in a significant decrease in the transcript levels of TaPR1 and TaPR2, as low as 80% at 24-120 hpi. TaCAT and TaSOD, the primary ROS-scavenging genes, were significantly increased in TaCBL4-knockdown plants challenged by CYR31 ( Supplementary Fig. S7E, F) .
In addition to analysing the host response, we also examined the number of haustoria, hyphal length, and infection area of Pst in TaCBL4-knockdown plants. After inoculation of the Pst avirulent race CYR23, hyphal length was not different between the two TaCBL4-knockdown and BSMV:γ-infected plants at 48 hpi (Fig. 4A, B) . In contrast, hyphal length in infected leaves of both the BSMV:TaCBL4 plants was significantly higher than that in leaves of plants infected with BSMV:γ at 48 hpi in the compatible interaction (Supplementary Fig. S8A ). The number of haustoria was significantly increased in both incompatible and compatible interactions at 48 hpi (Fig. 4A, C, Supplementary  Fig. S8B ). In addition, the infection area was significantly increased in TaCBL4-knockdown plants during incompatible and compatible interactions compared to the control (Fig. 4A,  D; Supplementary Fig. S8C ). Analysis showed that the biomass of Pst in TaCBL4-silenced plants was significantly increased at 5 dpi ( Supplementary Fig. S9 ). Taken together, our results indicated that knockdown of expression of TaCBL4 diminished plant defense against the stripe rust fungus. 
TaCBL4 physically interacts with TaCIPK5 in vivo
To determine the interacting partner(s) of TaCBL4, a cDNA library constructed from Pst-infected leaves of T. aestivum cv. Suwon 11 was used for yeast-two hybrid (Y2H) screening. Using TaCBL4 as bait, a cDNA fragment of 2021 bp in length was identified with an ORF of 1395 bp, which showed high similarity to the CBL-interacting protein kinase-5 from T. aestivum cv. Chinese Spring. Amino acid sequences of putative CIPK5 orthologs from rice, barley, and maize were aligned ( Supplementary Fig. S10 ). In addition, together with other CIPKs with assigned functions, a phylogenetic tree was constructed, which revealed that the CIPK gene obtained in this study lies within the same clade as HvCIPK5, BdCIPK5, ZmCIPK5, and OsCIPK5 (Fig. 5A ). Based on this evidence, we designated the wheat CIPK as TaCIPK5. In silico sequence analysis indicated that the N-and C-terminals of TaCIPK5 contained a kinase catalytic domain and a regulatory domain, respectively.
A putative trans-phosphorylatable threonine residue within the activation loop and a conserved ATP-binding lysine residue were found in the kinase catalytic domain, while the NAF/FISL region was in the regulatory domain ( Supplementary Fig. S10 ). BlastN analyses of the wheat genome showed that there were two copies of TaCIPK5 located on the short arms of chromosomes 3A and 3B (Supplementary Fig. S11 ). Sequence alignment showed that the two copies, designated as TaCIPK5-A and TaCIPK5-B, and TaCIPK5 obtained in this study share 94% nucleotide identity ( Supplementary Fig. S11 ). In addition, two copies of TaCIPK5 were the same as those reported in a previous study (Sun et al., 2015) .
To confirm the interaction between TaCBL4 and TaCIPK5, the ORFs of TaCBL4 and TaCIPK5 were obtained and cloned, in-frame, into the Y2H vectors pGADT7 and pGBKT7, respectively. The interaction was monitored by yeast growth on the minimal selective medium lacking histidine, leucine, tryptophan, and adenine but containing X-α-Gal (Fig. 5B) . In addition, the interaction between TaCBL4 and TaCIPK5 was confirmed by Co-IP analysis with flag antibody. The NAF/FISL motif has been reported to interact with CBLs (Albrecht et al., 2001) . Mutant protein (TaCIPK5Δ) deficient in the FISL/NAF motif was generated ( Supplementary  Fig. S12 ). TaCIPK5Δ failed to interact with TaCBL4 in yeast and tobacco (Fig. 5B-D) . The interaction between TaCIPK5Δ and TaCBL4 was further used as a negative control in the BiFC assay (Kudla and Bock, 2016) , the results of which revealed yellow fluorescence signals distributed not only on the cell membrane but also within the cytoplasm when TaCIPK5 and TaCBL4 were co-expressed in the wheat cells (Fig. 5D) . Western blot analysis confirmed that the expression of the mutant type TaCIPK5Δ fusion proteins was comparable to the expression of wild-type TaCIPK5. The expression of the TaCBL4 fusion protein and positive control were also detected by western blotting (Fig. 5E ).
TaCIPK5 positively regulates wheat resistance to Pst
To determine whether TaCIPK5 has a role in the defense of wheat against Pst, the expression patterns of TaCIPK5 following biotic stress were investigated. Transcript abundance of TaCIPK5 was induced as early as 6 hpi, with peak expression at 24 hpi in the incompatible interaction, whereas a significant change in TaCIPK5 expression was not observed in the compatible interaction (Fig. 6A) . To determine the genetic requirement, two TaCIPK5 gene fragments were cloned and inserted into the VIGS-BSMV plasmid, and the resultant constructs, designated as BSMV:TaCIPK5-1as and BSMV:TaCIPK5-2as ( Supplementary  Fig. S11 ), were used to knockdown TaCIPK5 by BSMV-VIGS. . Pre-infection of wheat leaves with BSMV:γ, BSMV:TaCBL4-1as, or BSMV:TaCBL4-2as was followed by inoculation with CYR23. H 2 O 2 burst and necrosis were observed in these leaves at 24, 48, and 120 h post-inoculation (hpi). H 2 O 2 accumulation at infection sites was detected by staining with 3,3-diaminobenzidine (DAB) and viewed under differential interference contrast optics. SV, substomatal vesicle; NC, necrotic cell. Scale bars are 20 μm. (B) The amount of H 2 O 2 produced was measured by calculating the DAB-stained area at each infection site using the DP-BSW software. Data are means (±SE) of three independent assays. (C) The area of autofluorescence was measured to determine necrotic cell death. The results were obtained from 50 infection sites, and three biological replications were included. Significant differences compared to plants treated with BSMV:γ as determined using Student's t-test are indicated: *P<0.05. (This figure is available in colour at JXB online.)
As shown in Fig. 6B , BSMV-inoculated plants displayed mild chlorotic mosaic symptoms at 10 dpi. The fourth leaf was inoculated with fresh urediospores of Pst CYR23 or CYR31, and the TaCIPK5 transcript levels were reduced more than 45% at each time point (Fig. 6C) . To confirm the specificity of the VIGS fragments used in this study, several TaCIPKs that fall in the same clade with TaCIPK5 (Sun et al., 2015) were selected for sequence alignment. As shown in Supplementary Fig. S13A , no consecutive 21-to 24-nucleotide sequences were found among these TaCIPK genes. In addition, the expression of these TaCIPKs was not affected during the expression of resistance of TaCIPK5-knockdown plants to Pst (Supplementary Fig. S13B ). By 15 dpi, large numbers of Pst uredia were formed around the necrotic spots on the leaves infected with BSMV:TaCIPK5-1as and BSMV:TaCIPK5-2as. In contrast, all leaves inoculated with CYR31 produced numerous uredia (Fig. 6D) . Detailed histological changes of TaCIPK5-knockdown plants infected with CYR23 and CYR31 are shown in Fig. 7 and Supplementary  Fig. S14 . Compared to BSMV:γ-treated leaves, the areas of cell death and accumulation of H 2 O 2 in TaCIPK5-knockdown plants were significantly lower in the incompatible interaction at 48 and 120 hpi (Fig. 7A, B ) and in the compatible interaction at 120 hpi ( Supplementary Fig. S14A, B) . The number of haustoria and hyphal lengths in the TaCIPK5-knockdown plants infected with CYR23 (Fig. 7C, D) and CYR31 ( Supplementary  Fig. S14C, D) were significantly greater than those observed in the BSMV:γ-treated leaves at 48 hpi. The infection area was increased in both the TaCIPK5-knockdown plants inoculated with CYR23 or CYR31 (Fig. 7E, Supplementary Fig. S14E ). The expression of TaPR1 and TaPR2 were both reduced significantly in TaCIPK5-knockdown plants when challenged with virulent race CYR31 (Supplementary Fig. S14F ). TaCAT and TaSOD were significantly increased in the compatible interaction between TaCIPK5-knockdown plants and Pst ( Supplementary  Fig. S14G ). In addition, analysis of biomass further confirmed that the Pst infection was significantly suppressed in TaCIPK5-knockdown plants at 5 dpi ( Supplementary Fig. S15 ). Therefore, knocking down TaCIPK5 reduces wheat resistance to Pst. 
Co-silencing of TaCBL4 and TaCIPK5 significantly enhances wheat susceptibility
To confirm the relationship between TaCBL4 and TaCIPK5 in wheat resistance to Pst, BSMV:TaCBL4-1as and BSMV:TaCIPK5-1as recombinant vectors were mixed together and rub-inoculated onto Suwon11 seedlings. To compare the disease resistance phenotype between singlesilencing TaCBL4 and TaCIPK5 plants and co-silencing TaCBL4/TaCIPK5 plants, BSMV:TaCBL4, BSMV:TaCIPK5, or BSMV:TaCBL4/TaCIPK5 were separately inoculated. As shown in Fig. 8A , all BSMV-inoculated plants displayed mild chlorotic mosaic symptoms. After inoculation with fresh urediospores of Pst race CYR23, the relative expression of TaCBL4 and TaCIPK5 was significantly reduced in co-silenced plants compared with that in BSMV:γ-inoculated plants, suggesting that both TaCBL4 and TaCIPK5 were silenced successfully (Fig. 8B) . At 15 dpi, large numbers of Pst uredia were produced around the necrotic spots on the leaves infected with BSMV:TaCBL4, BSMV:TaCIPK5, or BSMV:TaCBL4/ TaCIPK5 (Fig. 8C) . Histological changes in TaCBL4/ TaCIPK5-knockdown plants infected with CYR23 were examined, and the areas of cell death and H 2 O 2 accumulation The interaction between SV40 large T-antigen (T) and murine p53 (53) T-AD+53-BD was used as the positive control, and the interaction between SV40 large T-antigen (T) and human lamin C (Lam), T-AD+Lam-BD was used as the negative control. (C) Protein-protein interactions between TaCBL4-FLAG constructs and TaCIPK5-GFP or TaCIPK5Δ-GFP constructs co-expressed in Nicotiana benthamiana were analysed by co-immunoprecipitation with an anti-GFP antibody followed by immunoblotting with anti-FLAG antibodies. Anti-GFP immunoprecipitated proteins were isolated 48 h after inoculation. were significantly lower at 120 hpi than that observed in BSMV:γ-inoculated leaves ( Supplementary Fig. S16A, B) . The infection area was significantly increased in TaCBL4/ TaCIPK5-knockdown plants (Supplementary Fig. S16C ). The biomass of Pst in TaCBL4-, TaCIPK5-, and TaCBL4/ TaCIPK5-knockdown plants was significantly increased compared to that in control plants at 15 dpi (Fig. 8D) . Moreover, the biomass ratio (Pst/wheat) in co-silencing plants did not show a significant difference to that in all single-silencing plants (Fig. 8D) . Compared to control plants, expression of all the TaPR genes was reduced significantly at 24-120 hpi in all single-knockdown plants and co-silencing plants when challenged with CYR23 (Fig. 8E) , whereas TaCAT and TaSOD were significantly induced (Fig. 8F) . These results showed that the expression patterns of TaPRs genes and ROSrelated genes in co-silencing plants were consistent with those in single-silencing TaCBL4 and TaCIPK5 plants. In addition, the expression levels of TaPRs and ROS-related genes at each time point in co-silencing plants were not significantly different to those in single-silencing plants. Thus, co-silencing of TaCBL4 and TaCIPK5 significantly weakens wheat resistance against Pst infection and the disease-resistance phenotype in co-silencing plants is consistent with that in TaCBL4 and TaCIPK5 single-knockdown plants. TaCBL4-TaCIPK5 is required for wheat resistance to stripe rust fungus | 4453
TaCIPK5 interacts with a wheat RBOH homolog protein
Several studies had been shown that the activation of RBOHs is regulated by CBL-CIPK complexes , and therefore we speculated that TaCIPK5 directly interacts with one of the RBOH proteins. A total of 11 RBOH-type genes were identified from T. aestivum in a genome-wide search and were designated as TaRBOHa to TaRBOHi based on their relationship to the respective genes in rice (Supplementary Figs S17A, S18). One of them was cloned in-frame into the pGBKT7 vector and the interaction between TaRBOH and TaCIPK5 was investigated using Y2H assays ( Supplementary  Fig. S17B ). As shown in Supplementary Fig. S17C , TaCIPK5 strongly interacted with TaRBOHi. In addition, the relative expression of TaRBOHi was significantly reduced in TaCBL4-, TaCIPK5-, and TaCBL4/TaCIPK5-knockdown plants.
Discussion
Several CBL-CIPK interaction partners have been hypothesized to be involved in biotic and/or oxidative stress responses and developmental pathways, but evidence for this is sparse . In our present study, we demonstrated that most of the TaCBL genes are putatively involved with (or are at least responsive to) the interaction between wheat and Pst. Of these genes, we used a series of complementary cellular-and genetics-based assays to demonstrate that TaCBL4 and its interacting protein kinase, TaCIPK5, positively contribute to wheat resistance to Pst. Overall, the data that we present serve as a basis towards advancing our understanding of the role of the CBL-CIPK complex during fungal pathogen infection.
In a previous study, influx of Ca 2+ from the intercellular space to the cytoplasm in wheat was found to be induced by Pst infection (Yin et al., 2015) . However, the downstream components of Ca 2+ -regulated signaling in wheat resistance to Pst are still unknown. CBL proteins have been confirmed to interact with Ca 2+ and transmit signals by activating the protein kinase of CIPKs . In our study, we observed rapid up-or down-regulation of TaCBLs during the response of wheat to Pst. Compared to the other TaCBLs that we isolated, TaCBL4 showed the highest transcript level in both incompatible and compatible interactions, suggesting that it is a candidate gene required for wheat resistance-signaling in response to Pst infection. Previous studies have shown that the up-regulation of host genes during infection may indicate The amount of H 2 O 2 production was measured by calculating the DAB-stained area at each infection site using the DP-BSW software. Data are means (±SE) of three independent assays. (B) Necrotic cell death was quantified by measuring the area of autofluorescence. (C) The number of haustoria, (D) hyphal length, and (E) the infection area were determined using DP-BSW software. All results were obtained from 50 infection sites, and three biological replications were performed. Significant differences compared to BSMV:γ-inoculated plants as determined using Student's t-test are indicated: *P<0.05.
the exploitation of cellular resources and/or the activation of defense responses (Wang et al., 2010) . Based on these results, we hypothesize that TaCBL4 functions downstream of Ca 2+ signals during the interaction between wheat and Pst. In addition, TaCIPK5, an interaction partner of TaCBL4, was identified by Y2H screening and further confirmed by BiFC and Co-IP. It has been shown that combinations of CBLs and CIPKs function as a signaling node in response to environmental stimuli (Thoday-Kennedy et al., 2015) . In a study of K + uptake, the CBL1/9-CIPK23 module was confirmed to regulate the potassium channel activity of AKT1 (Xu et al., 2006) . Another CBL-CIPK complex, CBL4-CIPK6, was shown to be required for translocation of AKT2 from the endoplasmic reticulum to the plasma membrane (Held et al., 2011) . However, the function of the CBL-CIPK complex in wheat remains unknown. In the present study, in addition to the interaction of TaCBL4 TaCBL4 -, TaCIPK5-, and TaCBL4/TaCIPK5-silencing plants. The fungal and wheat biomass ratios were measured via total DNA content at 15 dpi by absolute quantification using the internal reference genes PsEF and TaEF, respectively. Relative transcript levels of (E) TaPR1 and TaPR2 and (F) TaSOD and TaCAT in TaCBL4-, TaCIPK5-, and TaCBL4/TaCIPK5-knockdown plants infected with CYR23. The relative transcript level of each gene in the control plants (treated with BSMV:γ) at time 0 was standardized as 1. Significant differences compared to BSMV:γ-inoculated plants as determined using Student's t-test are indicated: *P<0.05. (This figure is available in colour at JXB online.) and TaCIPK5, the highest induction of TaCBL4 and TaCIPK5 occurred at the same time-point following CYR23 infection (Figs 2, 6A ). Both TaCBL4 and TaCIPK5 played a positive role in wheat resistance, and the effect of TaCBL4 on ROS accumulation and PR gene expression was consistent with the effect of TaCIPK5. Moreover, the disease-resistance phenotype in plants with co-silencing of TaCBL4 and TaCIPK5 was consistent with that in plants with single-silencing. We confirmed that TaCIPK5 specifically functions with TaCBL4 to transmit Ca 2+ signals to downstream immune signaling components during the interaction between wheat and Pst.
As a function of secondary signaling processes and the activation of anti-microbial/fungal responses, ROS has been well studied for its role in plant development and plant immunity (Lehmann et al., 2015) . In wheat, previous histological and cytological observations have demonstrated that bursts of ROS as early as 12 hpi are associated with the activation of defense signaling in incompatible interactions with Pst (Wang et al., 2007) . In our study, TaCBL4 and TaCIPK5 showed the highest induction during an incompatible interaction (Figs 2, 6A), with peak expression coinciding with the induction of ROS accumulation. This observation is in agreement with previous studies that demonstrated that the function of many CBL-CIPK complexes in abiotic and biotic stress signaling is associated with the burst of ROS . With respect to the function of the TaCBL4-TaCIPK5 complex, ROS accumulation was decreased compared to that in TaCBL4-, TaCIPK5-, and TaCBL4/TaCIPK5-knockdown plants infected with avirulent CYR23. Two major ROS-scavenging enzymes, superoxide dismutase (SOD) and catalase (CAT), could eliminate ROS accumulation (Mittler et al., 2004) . The accumulation of TaSOD and TaCAT transcripts in all types of silenced plants was induced by CYR23 (Fig. 8E, F) . These results suggest that silencing the expression TaCBL4 and TaCIPK5 resulted in weakened ROS accumulation during wheat resistance. In addition, hypersensitive response (HR) is a common feature of wheat resistance, and is often induced and modulated by ROS. Hyphal length, number of haustoria, and infection area are representative of the extent of pathogen colonization in wheat under the stress imposed by HR at infection sites (Wang et al., 2007) . In all types of silenced plants infected with CYR23, the necrotic area of infection sites was significantly reduced compared with that in control plants, coinciding with decreased hyphal length and infection area. Our results suggest that the TaCBL4-TaCIPK5 complex positively contributes to wheat resistance against Pst in a ROS-dependent manner. In addition, we also confirmed that one of the wheat RBOHs, TaRBOHi, interacted with TaCIPK5 in a Y2H system. Similarly, the tomato CBL10-CIPK6 complex interacts with RBOHB at the plasma membrane to regulate ROS generation during effector-triggered immunity (de la Torre et al., 2013) . In addition, CIPK26 interacts with and phosphorylates RBOHF, and co-expression of either CBL1 or CBL9 with CIPK26 strongly enhances ROS production in HEK293T cells, demonstrating that the ROS production mediated by the CBL1/9-CIPK26 complex relies on the RBOH protein (Drerup et al., 2013) . Thus, we speculate that the ROS generation mediated by the TaCBL4-TaCIPK5 complex during wheat resistance to Pst depends on RBOH proteins. How RBOHs are regulated by the complex remains to be determined.
Salicylic acid (SA), a key signaling molecule of plant resistance against biotrophs, induces the expression of PR genes and results in systemic acquired resistance (SAR). Transcript levels of TaPR1 and TaPR2, marker genes of the SA pathway (Van Loon, 1997), were significantly reduced in TaCBL4-and TaCIPK5-knockdown plants (Fig. 8E) . Several studies have indicated that different Ca 2+ sensors can modulate the elevation in SA that occurs late in immune responses (Tena et al., 2011) . In Arabidopsis, SA accumulation and PR gene expression are induced by CPK1 (Coca and San Segundo, 2010) , while the CAM-binding transcription activator CAMTA3 (also called AtSR1) regulates SA-mediated plant immunity (Du et al., 2009) . Following treatment of rice cells with the fungal MAMP TvX/EIX, OsCIPK1-4/15 functions to promote PR gene expression, phytoalexin biosynthesis, and cell death, probably through the OsCBL4 Ca 2+ sensor (Kurusu et al., 2010) . Thus, we infer that SA-mediated plant immunity in wheat is modulated by an activated TaCBL4-TaCIPK5 complex. Further investigation of this important signaling node will shed light on the activation of immunity following Pst infection of wheat.
In summary, we have demonstrated that the TaCBL4-TaCIPK5 complex positively contributes to wheat resistance to Pst. In addition, our results suggested that ROS generation is regulated by this complex through RBOH proteins, which activate the downstream signals during wheat resistance. Recent reports have shown that CIPK14/15 regulates defense gene expression and phytoalexin production in rice (Kurusu et al., 2010) . Furthermore, in tomato, ROS production is regulated by CBL10/CIPK6 (de la Torre et al., 2013) . Taken together, our study supports a role for CBL/CIPK in contributing to plant defense signaling and activation of immunity. We consider that knowledge of the regulatory mechanism of the TaCBL4-TaCIPK5 complex in ROS signaling will provide valuable insights into the molecular mechanism of plant immunity.
Supplementary data
Supplementary data are available at JXB online. Fig. S1 . Phylogenetic relationship of CBLs from wheat, Arabidopsis, and rice. Fig. S2 . Multiple alignment of CBL proteins from wheat, Arabidopsis and rice. Fig. S3 . Expression analysis of TaCBLs in response to Pst. Fig. S4 . Sequence alignment of TaCBL4 identified in this study and in a previous study. Fig. S5 . Multiple sequence alignment of the coding sequences for the three copies of TaCBL4. Table S1 . Multiple alignments of CBL proteins from wheat, Arabidopsis, and rice, and motif analysis. Table S2 . Primers used in this study.
